Journal of Power Electronics (2020) 20:1172-1183
https://doi.org/10.1007/s43236-020-00112-9

ORIGINAL ARTICLE q

Check for
updates

Evolutionary algorithm based selective harmonic elimination
for three-phase cascaded H-bridge multilevel inverters with optimized
input sources

S.Sankara Kumar' - M. Willjuice Iruthayarajan’ - T. Sivakumar’

Received: 9 January 2020 / Revised: 8 June 2020 / Accepted: 10 June 2020 / Published online: 23 June 2020
© The Korean Institute of Power Electronics 2020

Abstract

Multilevel inverters are finding wide application in electric drives, traction, flexible AC transmission systems (FACTS) and
renewable energy systems. A cascaded H-bridge type multilevel inverter (CHBMLI) produces a near sinusoidal output volt-
age with lower switching stress and a higher conversion efficiency than the other types of MLIs. The Selective Harmonic
Elimination (SHE) strategy is used to eliminate lower-order harmonic profiles and to regulate the fundamental component
in the output voltage. SHE has the advantages of low switching frequency, low switching losses and low stress. In this paper,
the modulation index and input voltage values are also considered as optimization variables along with the conventional
switching angles to analyze the performance improvement in selective harmonic elimination. Heterogeneous Comprehensive
Learning Particle Swarm Optimization (HCLPSO) and Gravitational Search Algorithm (GSA) algorithms are used to find
the optimal switching angles, modulation index and input voltage source values for minimizing the lower-order harmonics
present in the output voltage of seven-level and eleven-level CHBMLIs, while maintaining the fundamental component of
the output voltage. The results obtained from MATLAB simulations and an experimental setup clearly indicate that the
proposed HCLPSO-based multilevel inverter provides better performance when compared with GSA, firefly and Differential
Search Algorithm (DSA)-based MLIs.

Keywords Cascaded H-bridge multilevel inverters - Selective harmonic elimination - Evolutionary algorithm - Harmonics -
THD

1 Introduction complexity of the control circuit and the number of isolated

DC sources required. The SHE strategy helps to further

In recent years, power electronics-based multilevel voltage
source inverters have become more popular in high-voltage
and high-power applications. Diode-clamped, flying capaci-
tor and cascaded H-bridge are the major types of inverter
design [1]. Multilevel inverters provide a near sine wave
output with low THD values, minimum voltage stress on the
switches, reduced electromagnetic interference, and reduced
common mode voltage and switching frequency [2]. Har-
monic distortion in the output voltage can be minimized by
progressive increment in the number of levels [3]. However,
an increase in the number of levels results in the increased
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reduce the harmonic in the output voltage. The switching
instances of various unequal DC sources are obtained by
solving transcendental equations for the SHE to eliminate
chosen harmonics and to retain the fundamental content.
The solution for the switching angles can be obtained using
several iterative methods. In previous years, numerical tech-
niques such as the Newton—Raphson [NR] technique [4] and
Gauss Newton [5] have been utilized to solve non-linear
transcendental equations. The switching angles obtained by
these methods depend on various problems such as the initial
value selection and require large computational times. Chi-
asson et al. [6] suggested the resultant theory to solve tran-
scendental equations using an equivalent set of polynomials
to reduce the harmonics in multilevel inverters. The switch-
ing angles for various modulation indices were estimated
using an Artificial Neural Network (ANN) [7]. However, the
training of the ANN for various switching angles increases
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its complexity. Currently, the Evolutionary Algorithm (EA)
plays a key role in finding solutions to engineering problems.
Several literatures are reported on the application of EAs
for various complex problems. Non-linear equations of SHE
were solved using genetic algorithm [8] and differential evo-
lution algorithms [9]. It was found that these algorithms out-
perform classical algorithms for selective harmonic elimina-
tion. The optimal switching angle for SHE with non-equal
DC sources was obtained using particle swarm optimization
[10] and improved colonial competitive algorithm [11]. The
gravitational search algorithm proposed by Rashedi et al
[12] utilizes the Newtonian gravity and the laws of motion
concepts, which yields better performance in finding solu-
tions to various systems [13]. The HCLPSO algorithm was
applied to standard benchmark problems and found its per-
forming well when compared to other particle swarm algo-
rithms [14]. The DSA [18], FireFly Algorithm (FFA) [19]
and APSO algorithms [20] have been applied for selective
harmonic elimination considering firing angle as a vari-
able for optimization with fixed values for the modulation
index and input voltage. The reported results obtained by
the DSA and FFA provide minimum lower-order harmonics
with large THD values. In the selective harmonic elimina-
tion of multilevel inverters reported in the literatures, using
optimum switching angles to reduce lower-order harmonics
was achieved using various conventional and algorithmic
approaches. However, in all of the cases, the input voltage
values and modulation indices are kept constant. In many
power electronic applications, inverters need to be operated
with minimum harmonics to achieve required quality.

e In this paper, SHE is considered as optimization problem
with modulation index and input voltage source values as
variables along with switching angles to obtain minimum
values of the lower-order harmonics and THD.

e The performance of multilevel inverters for low modula-
tion indices is also analyzed by considering the modula-
tion index as one of the parameters in the optimization.

e In this paper, GSA and HCLPSO algorithms are con-
sidered for optimizing variables. It is found that the
HCLPSO provides a better solution with minimum
lower-order harmonics when compared to PSO due to
its exploration and exploitation capability, as well as its
capacity to avoid getting stuck in local optimum due to
its comprehensive learning process. Hence, it is proposed
for SHE problem.

The paper is organized as follows. Section 2 describes a
typical multilevel inverter topology. Mathematical imple-
mentation of the problem was elaborated in Sect. 3. Algo-
rithms used for solving this problem were explained in
Sect. 4. Section 5 discusses simulation results obtained and
a comparison with existing literature. Section 6 presents

experimental validation of these results. Section 7 gives the
conclusion of the paper.

2 Multilevel inverter topology
2.1 Multilevel inverter

The cascaded H-bridge-type multilevel inverter (CHB MLI)
is preferred over other MLIs due to its reduced numbers of
components such as clamping diodes and voltage balanc-
ing capacitors, its ease in terms of fault detection due to its
construction using simple H-bridge units, and the fact that
modification can be easily made in the number of output
voltage levels [15, 16]. In CHB-type multilevel inverters, ‘S’
numbers of H-bridge inverters are cascaded to synthesize ‘n’
levels in the output voltage, where n=2S+1 [17]. Hence, for
generating 7 levels in the output voltage, 3 H-bridge units
are needed, similarly for 11 levels, 5 units are needed as
shown in Fig. 1.

2.2 Selective harmonic elimination PWM

Figure 1 shows a three-phase eleven-level CHB MLI with
five H-Bridges connected in the cascade mode. The switch-
ing angles for various levels are ay, a, a3 a,, and as, while
Viers Vaess Viaess Vs and Vs are the unequal DC sources of
each H-bridge unit. The Fourier series expansion of a stair-
case output voltage waveform for the unequal DC sources
can be written as:

V=Y 4;‘:“( ‘

. k; X cos nal-) sin nowt. (D)
n=13,5

=

The subsequent non-linear equations are used for calcu-
lating the switching angles with SHE for CHB MLI:

H, = Z; k; X cos (a;) = M xS,

Hy = 45‘/—”“ > kixos (5a,)| =0,

H, = 47V—ﬂd° 2; k; X cos (7ai): =0,

Hy = ‘2/—”“ > kixcos (5a)| =0, @
H, = 47‘/—”“ 25:1 k; X cos (7ai): =0,

H, = T:—j; [Z; k; X cos (11ai)] =0,

4
Hy; = % [Z; k; X cos (1305,.)] =0,

Ve .
where k; = ﬁ,S:number of DC sources, V4, =nominal

dc
value of the DC voltage, V, ;= ith unequal DC voltage and
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i ranges from 1 to 5. The actual fundamental component of
the output voltage is matched up with its desired value using
the first equation from the above listed group. In addition,
the remaining Sth-, 7th-, 11th-, and 13th-order harmonics
are eliminated by solving the rest of the equations. The mod-
ulation index (M) is the ratio between the DC voltage and
the fundamental component of the output voltage:

Hl
0<M<1).

Modulation index, M = W( 3)
T

The required fundamental voltage can be acquired by
changing the values of M from O to 1 to cover different val-
ues of H,. By solving ‘S’ no. of equations for and ‘i’ no. of
switching angles, (S — 1) no. of harmonics can be eliminated
from the output voltage. The value of § is equal to the num-
ber of DC sources of the CHBMLI.

3 Mathematical implementation

The selective harmonic elimination of multilevel inverter is
formulated as an optimization problem to find the optimal
switching angle, modulation index and input voltages by
minimizing the considered objective function. The objec-
tive function considered for minimization is given in Eq. (4)
and the variables considered are the switching angles,
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modulation index and input voltage source. The search space
of the variables is given in Eq. (5):

Vi—v Y S ! v, \2
= mi 100 + Y —(50x — ,
/ H‘l‘m{< Vi ) ;h( Vl)

i=1,2,..8, “

0§a1§a2S03§a4Sa5§%
&)
0>k >k, >hky>ky >ks>1.1,

where V;" is the desired value of the fundamental component,
S is the number of switching angles, and /4 is the number of
the harmonic order to be eliminated (proposed 5th, 7th, 11th,
and 13th harmonics). The ratio k; varies from 0 to 110%
of the nominal value of the DC voltage, V,, i.e., 0-1.1. In
the function, the first term is to regulate the fundamental
component by minimizing the relative error to within 1%.
The second term mitigates the amplitude of the proposed
harmonic to under 2% of its fundamental component. The
limit of harmonics below 2% is preferred as per IEEE-519
recommendations [21]. The standard limits harmonics by
3% of its fundamental component. In addition, in the func-
tion, the weighting method is adapted, i.e., each harmonic
is weighted by its order to provide more importance to the



Evolutionary algorithm based selective harmonic elimination for three-phase cascaded H-bridge... 1175

elimination of lower-order harmonics than the higher-order
harmonics.

4 Algorithm used for optimization
4.1 Gravitational search algorithm

The gravitational search algorithm (GSA) developed by
Rashedi et al. [12] utilizes Newton’s laws of gravity and
mass. As per this algorithm, the agents are assigned as
objects and their masses give their performances. The global
movement of all objects towards heavier mass objects is due
to gravitational force. The objects with heavier and lighter
masses give good optimal solutions and worst solutions,
respectively. The four particulars of each mass are its posi-
tion, inertial mass (M), active gravitational mass (My,) and
passive gravitational mass (M,). The solution is represented
by the position of the masses, and the fitness function is
calculated by the inertial mass and gravitational masses. The
position of the ith agent in a N agent system is:

X, = (x?, ,xl‘.’,

i i

x) fori=1,2,...N, (6)

xl.d represents the dth dimensional position of the ith agent.

As per Newtonians law, the randomly assigned initial
agents (masses) and the force exerted by the mass ‘j° on
mass ‘i’ at time ‘¢’ is:

(1) x

{0 X My 1)
Fin = G )‘“’UT“( ) - 40, )

Ry(®) = 50,50, ®)

M, is related to the mass of the “i’th agent, M, is
related to the mass of the ‘j’th agent, G(¢) is the gravita-
tional constant at time ‘z’, € is a constant of small value, and
the Euclidean distance of the two agents *i” and *j’is R;(?).

The arbitrarily weighted sum of the dth component
due to other agents is the net force on agent ‘i’ in the dth
dimension:

N
Fi() = ijl#i randeg.(t). )

At time ‘7, the acceleration of the agent ‘i’ of the mass

‘M;; is given by the law of motion:

Fd
Fi(®)

al(n) = (10)
M”(t)

The upcoming velocity of an agent is calculated by

the sum of its acceleration and a fraction of its current

velocity. The acceleration of an agent and a portion of its
present velocity give its next velocity and the equation
used to calculate the velocity and position are:

vI(t + 1) = rand; X V(1) + a’ (1), 1D

e+ ) =x'@+ v+ 1). (12)

Search accuracy is controlled by the gravitational con-
stant ‘G’ and it is a function of time ‘¢’ and its initial value
G, is:

G(t) = G(G,, 1), (13)

G(t) = G,e"7. (14)

The evaluation of fitness is found by inertial and gravi-
tational masses. The agent that moves more slowly due to
higher attraction, has a heavier mass and is considered a
more efficient agent. The equations to update inertial and
gravitational masses are:

My, =M, =M;=M,;, i=12..N
fit,(#) — worst(z)
M) = ———,
0 best(r) — worst(t) (15)
m;()
M) = ———. 16
S 1o

fit,(¢) is the fitness value of the ith agent at time ‘#’. For
the minimization problem, the worst and the best optimum
values are:

best(f) = = mm ﬁt (D), (17)
worst(t) = = HlaX fit;(0). (18)

In GSA, every agent is located at some point in the
search space, which gives problem solution at every
instant. The new locations of the agents are determined as
per the equation. Other algorithmic parameters are updated
as per the equations mentioned in every cycle. The objec-
tive of the proposed work is to minimize selected lower-
order harmonics. Hence, the harmonics are considered as
masses and the velocities are considered as variables. The
search algorithm helps in finding the minimum harmonics
(maximization of the masses in the GSA) and the agents
are the variables considered for finding best solution.
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4.2 HCLPSO algorithm

Exploration means determining possible solution areas of
the whole search space. In addition, exploitation helps to
find optimal solutions from the available potential solu-
tion region. The particles move around the search space
and determine the global optimum with the help of explo-
ration and exploitation. The best position of each particle
in the comprehensive learning particle swarm optimization
(CLPSO) is updated from the best position of the same par-
ticles or other particles. The CLPSO is modified with an
exploration sub population, and an exploitation sub popula-
tion helps to overcome particles with a high exploration ten-
dency that is influenced by high exploitation tendency parti-
cles. The HCLPSO algorithm, which has this improvement,
was proposed in [14]. Two heterogeneous subpopulations are
formed from the swarm. One of them is for improving explo-
ration and the other is for improving exploitation. In addi-
tion, the exemplar for both subpopulations is generated by
comprehensive learning along with a Pc curve. The velocity
of the exploration-enhanced subpopulation is updated by:

Vi=wVd +cx rand? X (pbesth(d) - Xl.d>, (19)

fid) = [ﬁ(l), ), ... f,-(D)] represents the ith particle fol-
lowing its own or other’s pbestVid for each dimension d.

Table 1 Seven-level inverter input variables and output parameters

In addition, the velocity of the exploitation-enhanced sub-
population is updated by:

Ve =wV? + ) xrand1? x (pbestV;f(d) - de)

l

+ ¢, X rand2¢ x <gbesth[(d) - Xf1>. 20)

The range of the inertia weight w (decreasing linearly
with run time) is 0.99-0.2. In the exploration subpopulation
group, the value of the time varying acceleration coefficient
isc =3to1.5in Eq. (21). Similarly, in the exploitation sub-
population group, the value of the time varying acceleration
coefficients are ¢;=2.5t0 0.5 and ¢, = 0.5t02.51in Eq. (22).
The learning probability values P, of different particles ‘i’
is:

b EXP ((10G-1)/(ps — 1)) — 1)

at (exp (10) — 1)

) 21)
where ps is the size of the population, a = 0,5 = 0.25. The
exemplars direct both the exploration and the exploitation
subpopulation particles. The random number is compared
with the respective learning probability value. If it is smaller
than the learning probability values, the particle learns from
some other particles pbest. Otherwise, the particle will be
trained on its own. A compromise between exploration
and exploitation is obtained in the HCLPSO by avoiding

Algorithm Best optimal Alphal Alpha2 Alpha3 M K1 K2 K3 THD (%) V1 V5 Vi
HCLPSO 0.0021 11.9919 37.3981 64.3626 0.4412 0.6792 0.6330 0.3578 12.95 33.67 0.24% 0.41%
GSA 0.1873 142711 39.8442 62.2209 0.5289 0.7931 0.7125 0.6194 15.46 40.76 0.33% 1.36%
DSA [18]—(fixed M and fixed volt- ~ 33.498 54.759 67.103 1 1 1 40.73 4581 0O 0
age source)
Bold values indicate the important results
Table 2 Eleven-level inverter input variables
Algorithm Bestoptimal Alphal Alpha2 Alpha3 Alpha4 Alpha5 M K1 K2 K3 K K5
HCLPSO 0.0394 9.5245 27.1051 44.0961 61.4309 86.6411 0.4776 1.0018 0.7896 0.6442 0.4565 0.2654
GSA 0.5095 9.9985 27.9422 43.7505 59.3274 75.7957 0.5236 1.0138 0.8172 0.7510 0.4744 0.3856
Firefly [19]—(fixed M and fixed volt-  3.08 15.33 33.74 41.47 84.4 0.7 1.08 0.98 0.9 0.86 0.8
age source)
Bold values indicate the important results
Table 3 Eleven-level inverter Algorithm THD Vi V5 (%) V7 (%) V11 (%) VI3 (%)
output parameters
HCLPSO 9.26% 60.77 0.43 0.31 0.16 0.27
GSA 9.65% 66.15 0.34 0.77 0.93 0.75
Firefly [19] (fixed M and 12.88 88.2 0.05 0.1 0.2 0.04

fixed voltage source)

Bold values indicate the important results
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Fig.2 Simulation results of seven-level inverter using GSA with
MI=0.5289: a output phase voltage waveform; b harmonic spectrum
of the phase voltage; ¢ output line voltage waveform; d harmonic
spectrum of the line voltage

the information flow between the exploration and exploita-
tion sub particles. The exploration group has the ability to
save. However, the exploitation group suffers from the local
optima.
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Fig.3 Simulation results of eleven-level inverter using GSA with
MI=0.5236: a output phase voltage waveform; b harmonic spectrum
of the phase voltage; ¢ output line voltage waveform; d harmonic
spectrum of the line voltage

The diversity of the swarm is determined by:

Diversity (S(1)) = % > \/ Y @ -x0h @)
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Fig.4 Simulation results of seven-level inverter using HCLPSO with
MI=0.4412: a output phase voltage waveform; b harmonic spectrum
of the phase voltage; ¢ output line voltage waveform; d harmonic
spectrum of the line voltage
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Fig.5 Simulation results of eleven-level inverter using HCLPSO with
MI=0.4776: a output phase voltage waveform; b harmonic spectrum
of the phase voltage; ¢ output line voltage waveform; d harmonic
spectrum of the line voltage
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N
Xd(1) = M’ (23)
N

where S represents the swarm, N = | S| represents the swarm
size, D is the problem dimensionality, xf _is the ‘i’th parti-
cle’s ‘d’th value in the population, and X4(¢) is the mean
of the ‘d’th dimension of all the particles in the swarm.
The exploration subpopulation diversity is greater than the
exploitation group. The diversity is maintained in the exploi-
tation subpopulation group if the convergence of the group
is within the acceptable region.

Equation (5) represents the search space of the particles
for the proposed problem. The particles update to various
positions using the velocity expression in Eqs. (19) and
(20) to find the best position (minimization of harmonics
shown in expression (4)) in the search space.

5 Simulation results and discussion

In this paper, the selective harmonic elimination for seven-
level and eleven-level multilevel inverters are carried out
to obtain an output voltage of inverter with minimum
lower-order non-triplen harmonics and THD by tuning
the control variables using evolutionary algorithms. The
optimization algorithms, namely the HCLPSO, are used
to determine the optimal values of the considered control
parameters, such as the modulation index, switching angles

50, 7> mPhaseVo ltage THD...
40 M Line Voltage THD in %
30

- 1079 1241016 1295973

10

0k 7
ns) DSA GSA  HCLPSO

Fig.6 Comparison of seven-level inverter THD values

12.88 MPhase Voltage THD in %
M Line Voltage THD in %

12 9.65 9.26
10

8

6

4

2

0 /
[19] Firefly GSA HCLPSO

Fig.7 Comparison of eleven-level inverter THD values

and input voltages. Then these values are compared with
the results obtained using GSA. Simulations are carried
out using MATLAB 2014A. Simulations are performed
by taking the population size as 100 with 2000 functional
evaluations. The results obtained from both of the algo-
rithms are compared with the previously reported results
of the firefly algorithm for eleven-level MLI [19] and the
DSA algorithm for seven-level MLI [18]. The DC input
voltage source of the inverter is varied between 0.01 and
1.1% of 20 V and the load considered is R=14.5 Q and
L =12 mH for the seven-level and eleven-level inverters.
The performance of the various algorithms is discussed in
the following section:

5.1 Simulation results of GSA-based MLI
Optimal parameters such as the switching angles, modu-

lation index, input voltage and fitness value obtained for
seven-level and eleven-level MLI using GSA are given in

Table 4 Statistical performance values of seven-level inverter

Algorithm Mean opti- Std optimal Worst opti- Best optimal

mal mal
HCLPSO  0.1678 0.3418 1.3285 0.0021
GSA 10.4950 12.7631 36.7323 0.1873

Bold values indicate the important results

Table 5 Statistical performance values of eleven-level inverter

Algorithm Mean opti- Std optimal Worst opti- Best optimal

mal mal
HCLPSO  0.3197 0.3154 1.0256 0.0394
GSA 24.2393 51.8123 164.9449 0.5095

Bold values indicate the important results

Fig. 8 Experimental setup of three-phase eleven-level inverter
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the Tables 1, 2 and 3. From these tables, it is clear that GSA-
based seven-level multilevel inverter gives an output voltage
with reduced lower-order harmonics (5th and 7th order) and
minimum THD when compared with DSA-based seven-level
inverter [18]. Similarly, for an eleven-level MLI, the THD
obtained is very low when compared with the firefly algo-
rithm [19]-based eleven-level MLI. This clearly indicates
that the GSA-based MLI outperforms the DSA and firefly
algorithm-based multilevel inverters with acceptable lower-
order harmonics and minimum THD. It is also clear that the
variable voltage source and variable modulation index help
to enhance the performance of the MLI with a minimum
THD since they result in an appreciable reduction in the
selected lower-order harmonics and a better fundamental
component magnitude when compared with an equal voltage
source and fixed modulation index-based MLI. Figures 2 and
3 show the output voltage waveforms and harmonic spec-
trum of seven-level and eleven-level GSA-tuned MLIs.

Even though, the THD values of the voltage waveforms
are high, due to the increased magnitude of the higher-order
harmonics that can be easily filtered, the magnitude of the
harmonics selected for elimination (5™ and 7 orders for
seven levels and 5th, 7th, 11th and 13th orders for eleven
levels) have been significantly reduced.

(@)

SCOPE HARMONICS

1238 U | ¥ 00 U |
49.89Hz Puni ®  0:07:56 =k

(b)

Harmonics

1 THD 12.4%f
Pumi ®  0:01:08 P m<E

& T T T T
...... L~ 7Y R L S R P et
ol [11] lllll.l,ll ' I llll,l Rylony. I I |||l 1.
THDDC 13 17 21 25 29 33 37 41 45 49
22708718 20: 44 31 58U S0Hz 18 EN50160

Fig.9 Experimental results of seven-level inverter using HCLPSO
with MI=0.4412: a output phase voltage waveform; b harmonic
spectrum of the phase voltage
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5.2 Simulation results of HCLPSO-based MLI

The efficiency of the proposed HCLPSO algorithm is dis-
cussed below. The fitness function value of the HCLPSO is
very low when compared with the GSA, which clearly shows
that the HCLPSO provides commendable performance in all
the considered aspects.

The optimal variables, lower-order harmonics value and
fundamental component obtained from the HCLPSO are
displayed in the Tables 1, 2 and 3. Figures 4 and 5 show the
output voltage and harmonic spectrums of HCLPSO-based
seven- and eleven-level multilevel inverter. It gives better
results also for the lower modulation indices. The selected
lower-order harmonics obtained from the HCLPSO for
both of the considered levels is very low when compared
with the GSA. Like the lower-order harmonics, the output
voltage THD values of MLI tuned with HCLPSO are also
minimum when compared with the GSA. From this, it is
confirmed that the HCLPSO-based variable input volt-
age, variable modulation index- and variable switching
angle-based MLI give better efficacy (this is also true for
lower modulation indices) with minimum lower-order har-
monics and THD when compared to a fixed voltage and
fixed modulation index-based DSA, firefly MLI and GSA-
tuned variable input voltage, variable modulation index
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Fig. 10 Experimental results of seven-level inverter using GSA with
MI=0.5289: a output phase voltage waveform; b harmonic spectrum
of the phase voltage
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and variable switching angle-based multilevel inverter.
The input variables and output parameters for seven-level
and eleven-level CHB MLIs are given in Tables 1, 2 and
3. Output voltage waveforms and harmonic spectrums for
eleven-level MLI using HCLPSO are shown in Fig. 5.

Figures 6 and 7 show a comparison of the total harmonic
distortion values obtained for various algorithms. The com-
parison figure clearly indicates that the HCLPSO-based MLI
gives lower THD value for both of the levels with minimum
lower-order harmonics. The best fitness value, worst fitness
value, as well as the mean and standard deviation of the fit-
ness value obtained for 20 independent runs for the GSA and
HCLPSO are reported in Tables 4 and 5.

In the FFT analysis, the THD values of the phase voltages
are high when compared to the line voltage due to the triplen
harmonics and the increase in the magnitude of the higher-
order harmonics. The higher-order harmonics can be eas-
ily filtered using minimum filtering components. However,
the selected harmonics for elimination have been reduced
to below the IEEE-519 recommendation limit (below 2%).

From the table, it is clear that the HCLPSO provides bet-
ter performance when compared with the GSA with mini-
mum mean and standard deviation values. This proves the
closeness of the results obtained in all twenty runs. The sta-
tistical performance values also show that the HCLPSO is
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Fig. 11 HCLPSO Experimental results for eleven-level inverter with
MI=0.4776: a output phase voltage waveform; b harmonic spectrum
of phase voltage

superior to the GSA in finding optimal solutions to selective
harmonic elimination problems.

6 Experimental results

The simulation results of the HCLPSO and GSA are vali-
dated experimentally. The experimental setup of cascaded
H-bridge multilevel inverter (CHBMLI) is shown in Fig. 8.
Each unit of the CHBMLI is built using metal oxide semi-
conductor field effect transistors (MOSFET) IRF840.

The input DC source for each unit of the CHBMLI is
20 V. The gate signals for the MOSFET are generated using
DSPIC30F2010 controller and applied to the gate through
TLP250 MOSFET driver circuit. A Fluke 434 series II power
quality analyzer is used to measure the voltage waveforms
and frequency spectrum of MLIs. The output phase voltage
waveforms and THD values corresponding to the simula-
tion results reported for HCLPSO and GSA are shown and
the obtained hardware results are nearer to the simulation
results. The results have appreciable amount of reduction in
the selected harmonics and THD. Phase voltage waveforms
and harmonic spectrums of the experimental results are
shown in Figs. 9 and 10. The %THD values obtained for the
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Fig. 12 Experimental results of eleven-level inverter using GSA with
MI=0.5236: a output phase voltage waveform; b harmonic spectrum
of the phase voltage
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seven-level inverter are 12.1% for the HCLPSO and 13.1%
for the GSA. Similarly, the phase voltage and harmonic
spectrum of 3-phase eleven-level inverters for modulation
indices of 0.4776 for the HCLPSO and 0.5236 for the GSA
are shown in Figs. 11 and 12. The %THD values obtained for
the HCLPSO and the GSA are 9.1% and 11.7%, respectively.

Even though, the THD values are slightly high, the mag-
nitude of the harmonics selected for elimination is reduced
to the minimum level, i.e., less than 3% as prescribed by
1IEEE.

The obtained experimental results are slightly differed
from the simulation results since, in the simulations, the
switches are considered as ideal with no resistance or losses.
However, in the experimental verification, due to the losses
in the switching devices, the voltage and THD values are
slightly different.

7 Conclusion

In this paper, a recent optimization technique, Heterogene-
ous Comprehensive Learning Particle Swarm Optimization
is applied for determining the optimum switching angles,
modulation index and input voltage source values to reduce
the 5th, 7th, 11th and 13th harmonics present in the out-
put voltage of 3-phase H-bridge multilevel inverters, while
simultaneously preserving the required fundamental com-
ponent. The results are compared with the results obtained
from the Gravitational Search Algorithm. The results of
simulations and the experimental setup as well as the statis-
tical performance for 7-level and 11-level inverters reveal
that the HCLPSO-based multilevel inverter obtains precise
values for the switching angles, modulation index and input
voltage source values to reduce lower-order harmonics and
total harmonic distortion when compared with the GSA and
other fixed voltage and fixed modulation index cases even
at the lower modulation indices. Since, the increased level
of harmonics, especially at lower modulation indices, is a
major issue in the operation of MLI. This variable voltage
and variable modulation-based SHE can be used for applica-
tions where the inverter has to work with minimum lower-
order harmonics, minimum total harmonic distortion, low
switching frequency and lower modulation indices.

References

1. Rodriguez,J., Lai, J.-S., Peng, F.Z.: Multilevel inverters: a survey
of topologies, controls, and applications. IEEE Trans. Ind. Elec-
tron. 49(4), 724-738 (2002)

2. Kouro, S., Malinowski, M., Gopakumar, K., Pou, J., Franquelo,
L.G., Bin, W,, Rodriguez, J., Perez, M.A., Leon, J.I.: Recent
advances and industrial applications of multilevel converters.
IEEE Trans. Ind. Electron. 57(8), 2553-2580 (2010)

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Nabae, A., Takahashi, I., Akagi, H.: A new neutral-point-clamped
PWM inverter. IEEE Trans. Ind. Appl. 17(5), 518-523 (1981)
Sirisukprasert, S., Lai, J.S., Liu, T.H.: Optimum harmonic reduc-
tion with a wide range of modulation indexes for multilevel con-
verters. IEEE Trans. Ind. Electron. 49(4), 875-881 (2002)

Tang, T., Han, J., Tan, X.: Selective harmonic elimination for a
cascaded multilevel inverter. In: Proceedings of IEEE Interna-
tional Symposium on Industrial Electronics, pp. 977-981 (2006)
Chiasson, J.N., Tolbert, L.M., Mckenzie, K., et al.: Control of a
multilevel converter using resultant theory. IEEE Trans. Control
Syst. Technol. 11(3), 345-354 (2003)

Filho, F., Maia, H.Z., Mateus, T.H.A., Ozpineci, B., Tolbert,
L.M., Pinto, J.O.P.: Adaptive selective harmonic minimization
based on ANNs for cascade multilevel inverters with vary-
ing DC sources. IEEE Trans. Ind. Electron. 60(5), 1955-1962
(2013)

Salehi, R., Farokhnia, N., Abedi, M., Fathi, S.H.: Elimination of
low order harmonics in multilevel inverter using genetic algo-
rithm. J. Power Electron. 11(2), 132-139 (2011)

Hiendro, A., Tanjungpura, U.U.: Multiple switching patterns for
SHEPWM inverters using differential evolution algorithms. Int.
J. Power Electron. Drive Syst. 1(2), 94-103 (2011)
Taghizadeh, H., Hagh, M.T.: Harmonic elimination of cascaded
multilevel inverters with non equal DC sources using particle
swarm optimization. IEEE Trans. Industr. Electron. 57(11),
3678-3684 (2010)

Etesami, M.H., Farokhnia, N., Hamid Fathi, S.: Colonial com-
petitive algorithm development toward harmonic minimization
in multilevel inverters. IEEE Trans. Ind. Inform. 11(2), 459-466
(2015)

Rashedi, E., Nezamabadi-pour, H., Saryazdi, S.: GSA: a gravi-
tational search algorithm. Inf. Sci. 179, 2232-2248 (2009)
Duman, S., Guvenc, U., Sonmez, Y., Yorukeren, N.: Optimal
power flow using gravitational search algorithm. Energy Con-
vers. Manag. 59, 86-95 (2012)

Lynn, N., Suganthan, P.N.: Heterogeneous comprehensive learn-
ing particle swarm optimization with enhanced exploration and
exploitation. Swarm Evol. Comput. 24, 11-24 (2015)
Malinowski, M., Gopakumar, K., Rodriguez, J., Perez, M.A.:
A survey on cascaded multilevel inverters. IEEE Trans. Ind.
Electron. 57(7), 2197-2206 (2010)

Nagarajan, R., Saravanan, M.: Performance analysis of a novel
reduced switch cascaded multilevel inverter. J. Power Electron.
14(1), 48-60 (2014)

Parky, Y.-M., Ryu, H.-S., Lee, H.-W., Jung, M.-G., Lee, S.-H.:
Design of a cascaded H-bridge multilevel inverter based on
power electronics building blocks and control for high perfor-
mance. J. Power Electron. 10(3), 262-269 (2010)

Kundu, S., Burman, A.D., Giri, S.K., Mukherjee, S., Banerjee,
S.: Comparative study between different optimization tech-
niques for finding precise switching angle for SHE-PWM of
three phase seven-level cascaded H-bridge inverter. IET Power
Electron. 11(3), 600-609 (2018)

Gnana Sundari, M., Rajaram, M., Balaraman, S.: Application of
improved firefly algorithm for programmed PWM in multilevel
inverter with adjustable DC sources. Appl. Soft Comput. 41,
169-179 (2015)

Memon, M.A., Mekhilef, S., Mubin, M.: Selective harmonic
elimination in multilevel inverter using hybrid APSO algorithm.
IET Power Electron. 11(10), 1673-1680 (2018)

Blooming, M., Canovale, J.: Application of IEEE STD 519-1992
harmonic limits. In: Proceedings of Conference Record of 2006
Annual Pulp and Paper Industry Technical Conference, 2006



Evolutionary algorithm based selective harmonic elimination for three-phase cascaded H-bridge...

1183

S. Sankara Kumar received his
Bachelor Degree (B.E) in Elec-
trical and Electronics Engineer-
ing from the National Engineer-
ing College, Kovilpatti, India, in
2003; and his Master Degree
(ML.E) in Electrical Engineering
with specialization in Industrial
Electronics from the Faculty of
Technology and Engineering,
Mabharaja Sayajirao University of
Baroda, Gujarat, India, in 2006;
and his Ph.D. degree in Power
Electronics from Anna Univer-
sity, Chennai, India, in 2020. He
is presently working as Assistant

T. Sivakumar obtained his B.E.
degree from the Sun College of
Engineering and Technology,
Nagercoil, India, in 2009; and
his M.S. degree in Power Sys-
tems from the Thiagarajar Col-
lege of Engineering, Madurai,
India, in 2014. He is presently
working as Assistant Professor in
the Department of Electrical and
Electronics Engineering of
National Engineering College,
K.R. Nagar, Kovilpatti, India. He
has 4.5 years of teaching experi-
ence. His current research inter-
ests include power system pro-

Professor (Senior Grade) in the Department of Electrical and Electron- tection, power system optimization, machine design and FACTS

ics Engineering, National Engineering College, Kovilpatti, India. His controller tuning.
current research interests include multilevel inverters, PWM converters
and motor drives.

M. Willjuice Iruthayarajan (M’09)
was born in Tuticorin, India, in
1975. He received his Bachelor
Degree (B.E) in Electrical and
Electronics Engineering from
the Government College of
Engineering, Tirunelveli, India.
He received his Master Degree
(ML.E) in Control and Instrumen-
tation and his Ph.D. degree in
Control Systems from Anna Uni-
versity, Chennai, India. He is
presently working as Professor
and as the Head of the Depart-
ment of Electrical Engineering,
National Engineering College,
Kovilpatti, India. He has published more than 30 papers in international
journals and conference publications. His current research interest
includes control systems, instrumentation, evolutionary computation,
liquid dielectrics and power converters.

@ Springer



	Evolutionary algorithm based selective harmonic elimination for three-phase cascaded H-bridge multilevel inverters with optimized input sources
	Abstract
	1 Introduction
	2 Multilevel inverter topology
	2.1 Multilevel inverter
	2.2 Selective harmonic elimination PWM

	3 Mathematical implementation
	4 Algorithm used for optimization
	4.1 Gravitational search algorithm
	4.2 HCLPSO algorithm

	5 Simulation results and discussion
	5.1 Simulation results of GSA-based MLI
	5.2 Simulation results of HCLPSO-based MLI

	6 Experimental results
	7 Conclusion
	References




